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Mechano-activation of Müller cells induced by vitreo-macular traction may be a 

common pathogenic factor in vitreo-macular diseases 

The vitreoretinal interface is a dynamic extracellular matrix (ECM) structure which 

undergoes constant remodelling throughout a lifetime. Remodelling of the ECM at 

the vitreoretinal interface, both resulting from ageing and fibrotic changes, plays a 

significant role in the pathogenesis of many vitreoretinal disorders. Understanding 

the biochemical and biomechanical roles of aged ECM in fibrosis will permit the 

construction of a plausible sequence of events leading to the development of these 

sight-threatening conditions.  

Based on current clinical and laboratory observations, we hypothesize that the age-

related ECM remodelling of the vitreoretinal interface could result in an increased 

tissue stiffness and a prolonged vitreoretinal traction, which could trigger the 

proliferation, migration and transdifferentiation of Müller cells by mechanical 

traction. The mechanically activated Müller cells could further release and activate 

certain cytokines that eventually lead to the formation of an epiretinal membrane. 

Furthermore, increased tissue stiffness resulting from age-related ECM remodelling 

provides a profibrotic environment by activating profibrotic cytokines, such as 

transforming growth factor-β (TGF-β), which maintain the functional activity of 

myofibroblasts (Fig. 1).   

Mechanosensitivity of Müller cells and its role in the pathogenesis of vitreoretinal 

diseases 

With aging, a posterior vitreous detachment (PVD) develops progressively, which 

usually starts as a partial PVD at the perifoveal area. This may induce antero- 

posterior traction to the foveal area during eye movements, because of a strong 

persistent vitreo-macular adhesion.1, 2 The cortical vitreous remnants left on the 

macula after spontaneous PVD strongly suggest the presence of strong vitreo- 
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Figure 1 Schematic diagram of the proposed theory on the pathogenesis of epiretinal 

membrane associated with vitreo-macular traction. AGEs: advanced glycation end products; 

PVD: posterior vitreous detachment; TGF-β: transforming growth factor-β. 

macular adhesion. It has been proposed that adhesion molecules, such as 

fibronectin, laminin, heparan sulphate proteoglycans and opticin, are responsible 

for the vitreoretinal adhesion by interacting with both type II collagens in the 

vitreous fibril and type IV collagens in the ILM.3-5 Additionally, the collagens 

identified by our group in the vitreoretinal interface, such as type VI, VII and XVIII 

collagens may be involved in the molecular mechanism of vitreoretinal adhesion.6 

Furthermore, the age-related accumulation of advanced glycation end products 

(AGEs) and deposition of newly formed collagen may contribute to an increase in 

tractional forces by increasing the elastic modulus of the vitreoretinal ECM.  
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Dynamic antero-posterior vitreo-macular traction has been well accepted as an 

important pathogenic factor in various macular diseases.7, 8 The direct pulling force 

exerted by shrinking vitreous has been suggested to physically damage the retina 

and cause a defect in retinal tissue including the inner limiting membrane (ILM). 

Such an event can lead to the formation of an idiopathic macular hole or an 

idiopathic epiretinal membrane.9, 10 Besides a direct mechanical impact, the 

traction force may also exert a biomechanical effect on  the retina during the 

process of PVD. Müller cells are highly concentrated at the central foveal area and 

are suggested to be responsible for the foveal architecture and its structural 

integrity.11 Mechanical traction forces onto the fovea may activate these Müller 

cells, since they have been shown to be mechanically sensitive as aforementioned 

in Chapter 6.12, 13 

The mechanical sensitivity of Müller cells may play an important role at the initial 

stages of certain vitreo-macular diseases. As the principle retinal glial cells, Müller 

cells are responsible for the normal retinal functions and they are actively involved 

in retinal pathology.14 The gliotic response and proliferation of Müller cells can be 

triggered by retinal injury, vitreous hemorrhage, inflammatory factors, cytokines 

and growth factors released during blood-retinal barrier breakdown and 

mechanical traction from an anomalous posterior vitreous detachment.15 However, 

retinal tissue damage and blood-retinal barrier breakdown are not common in the 

early stages of certain vitreo-macular diseases, i.e. idiopathic macular hole, 

idiopathic epiretinal membrane and vitreo-macular traction syndrome. It is 

conceivable that the activation of Müller cells by mechanical traction may be the 

initial pathological change in these diseases. Furthermore, the subsequent gliotic 

scar formation may also partially be due to persistent vitreo-retinal adhesion and 

tangential traction because the increased tension could promote the formation of 

myofibroblasts. 
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Mechanical stimuli can regulate the proliferation, migration and 

transdifferentiation of many types of cells.16, 17 The signal transduction pathways 

which can be triggered by mechanical stimuli include mitogen-activated protein 

kinase pathway (MAP kinase), purinergic G protein-coupled receptors (P2Y 

receptors)  and nuclear factor kappa-light-chain-enhancer of activated B cells (NF-

κB) pathway.18 These signaling pathways have been shown to induce the expression 

of glial fibrillary acidic protein (GFAP), the hallmark of Müller cell activation.19, 20 

Lindqvist et al demonstrated that mechanical stretching can induce an immediate 

increase in intracellular Ca2+ concentration and upregulation of basic fibroblast 

growth factor (bFGF), c-Fos and extracellular-signal-regulated kinases (ERK) in the 

Müller cells.13 Bringmann and Wiedemann suggested that the mechanical stress 

onto the Müller cells may trigger the activation of Ca2+-dependent potassium 

channels which can stimulate Müller cell proliferation.15 Nonetheless, the 

molecules involved in the mechanical sensing process of Müller cells have not yet 

been clarified.  

Integrins can mechanically stimulate MAP kinase and NF-κB pathways and are thus 

important candidates in mediating the mechanical cell to matrix signaling 

transduction at the vitreo-macular interface. Brem et al report that integrin 

subunits α2, α3 and β1 are present in the retinal inner limiting membrane.21 As the 

principle mechanotransducer, integrin α2 and β1 subunit have been shown to 

induce an enhanced tyrosine phosphorylation under mechanical stretching, which 

leads to activation of MAP kinase. 22 As the aforementioned suggests, it is 

conceivable that Müller cells can be activated by mechanical stretching and start to 

proliferate.   
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Nature and origin of the glial cells in epiretinal membrane (ERM) associated with 

idiopathic macular hole (MH) and vitreo-macular traction syndrome (VMS) 

The mechanosensitivity of Müller cells may have a significant role in the 

pathogenesis of idiopathic MH and VMS. During the process of ERM formation, 

activation of Müller cells could be triggered by an incomplete PVD at the fovea as 

is seen in the early stages of macular hole formation. It has generally been accepted 

that anteroposterior and dynamic vitreo-macular traction in the presence of a 

perifoveal PVD is the primary cause of idiopathic macular hole formation.7, 8, 23 

Bringmann et al suggested that the antero-posterior vitreo-foveal traction could 

activate Müller cells and result in their subsequent migration and proliferation.14 

Mechanical traction forces exerted onto the Müller cells may increase influx of Ca2+ 

into the cells through stretch-activated channels, which in its turn may result in the 

activation of Ca2+-dependent potassium channels.24, 25 Such activation may lead to 

hypertrophic changes including  swelling of the cellular processes and enlargement 

of the cell body. These morphological changes can be seen in clinical optical 

coherence tomography as intra-retinal cystoid changes and are highly correlated to 

a partial PVD with vitreo-macular adhesion at the beginning of macular hole 

formation.26 The swelling and hypertrophy of Müller cells may induce tissue 

weakening at the macular area. With persistent traction, a macular tear can occur.  

Subsequently, persistent vitreo-retinal traction and the injured retina may proceed 

to stimulate the proliferation, migration and differentiation of Müller cells and the 

formation of a gliotic scar in stage II macular holes. Schumann et al. in a recent 

immuno-cytochemical study, identified cells in the MH-associated ERM co-

expressing GFAP and CRALBP. From this they concluded that cell migration and 

proliferation occur early in the course of the disease and that Müller cells are an 

important component of MH-associated epiretinal cell proliferation.27 In a clinical 

observation on the natural history of MH-associated ERM, Cheng et al found an 
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increased prevalence of ERM in late stage macular hole cases compared to that in 

early stage MH. In the course of time, MH associated ERMs mature and stabilize.28 

The self-limiting nature of these ERMs could be partially due to the formation of a 

complete PVD and thus a relief of the vitreo-macular traction, thereby removing 

traction stimuli on Müller cells. 

 

The influence of transforming growth factor-β during the formation of epiretinal 

membrane associated with vitreoretinal diseases 

Activation of latent TGF-β residing in the ECM, is probably an important initial factor 

in ERM formation associated with prolonged vitreo-macular traction. Possible 

triggers of TGF-β activation are known in some diseases, such as, tissue damage (in 

idiopathic macular hole, peripheral retinal break and rhegmatogenous retinal 

detachment), breakdown of the blood-retinal barrier (retinal vein occlusion and 

diabetic retinopathy). However, it has not been clarified in certain diseases such as 

idiopathic epiretinal membrane (iERM) and vitreo-macular traction syndrome. 

Therefore, we hypothesize that the traction exerted by a prolonged partial PVD can 

be sensed by Müller cells at the macula and can trigger the activation of latent TGF-

β present in the ECM and the production of TGF-β and other cytokines by the 

activated Müller cells. This will result in the proliferation of the epiretinal cells and 

an up-regulation of α-SMA stress fibers in Müller cells (Chapters 5 and 6 of this 

thesis), which will increase the contractile activity of these cells. The ensuing tissue 

contraction may further contribute to TGF-β activation, thus further promoting the 

fibrotic process.   

 

In summary, remodelling of ECM components at the vitreoretinal interface is 

important during the pathogenesis of vitreoretinal diseases. An understanding of 
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these factors may eventually lead to the development of effective and non-surgical 

approaches to treat and prevent vitreoretinal diseases.   



General discussion 

 175

References 

1. Johnson MW. Perifoveal vitreous detachment and its macular complications. 
Trans Am Ophthalmol Soc 2005;103:537-567. 

2. Kishi S, Demaria C, Shimizu K. Vitreous cortex remnants at the fovea after 
spontaneous vitreous detachment. Int Ophthalmol 1986;9:253-260. 

3. Kohno T, Sorgente N, Ishibashi T, Goodnight R, Ryan SJ. Immunofluorescent 
studies of fibronectin and laminin in the human eye. Invest Ophthalmol Vis Sci 
1987;28:506-514. 

4. Le Goff MM, Bishop PN. Adult vitreous structure and postnatal changes. Eye 
(Lond) 2008;22:1214-1222. 

5. Ramesh S, Bonshek RE, Bishop PN. Immunolocalisation of opticin in the human 
eye. Br J Ophthalmol 2004;88:697-702. 

6. Ponsioen TL, van Luyn MJ, van der Worp RJ, van Meurs JC, Hooymans JM, Los LI. 
Collagen distribution in the human vitreoretinal interface. Invest Ophthalmol Vis Sci 
2008;49:4089-4095. 

7. Johnson MW, Van Newkirk MR, Meyer KA. Perifoveal vitreous detachment is the 
primary pathogenic event in idiopathic macular hole formation. Arch Ophthalmol 
2001;119:215-222. 

8. Schumann RG, Schaumberger MM, Rohleder M, Haritoglou C, Kampik A, 
Gandorfer A. Ultrastructure of the vitreo-macular interface in full-thickness 
idiopathic macular holes: a consecutive analysis of 100 cases. Am J Ophthalmol 
2006;141:1112-1119. 

9. Foos RY. Vitreoretinal juncture--simple epiüembranes. Albrecht Von Graefes 
Arch Klin Exp Ophthalmol  1974;189:231-250. 

10. Gass JD. Idiopathic senile macular hole. Its early stages and pathogenesis. Arch 
Ophthalmol 1988;106:629-639. 

11. Gass JD. Muller cell cone, an overlooked part of the anatomy of the fovea 
centralis: hypotheses concerning its role in the pathogenesis of macular hole and 
foveomacualr retinoschisis. Arch Ophthalmol 1999;117:821-823. 

12. Yamada E. Some structural features of the fovea centralis in the human retina. 
Arch Ophthalmol 1969;82:151-159. 

13. Lindqvist N, Liu Q, Zajadacz J, Franze K, Reichenbach A. Retinal glial (Muller ) 
cells: sensing and responding to tissue stretch. Invest Ophthalmol Vis Sci 
2010;51:1683-1690. 



Chapter 7 

 176 

14. Bringmann A, Pannicke T, Grosche J, et al. Muller cells in the healthy and 
diseased retina. Progress in retinal and eye research 2006;25:397-424. 

15. Bringmann A, Wiedemann P. Involvement of Muller glial cells in epiretinal 
membrane formation. Graefes Arch Clin Exp Ophthalmol 2009;247:865-883. 

16. Liedert A, Kaspar D, Blakytny R, Claes L, Ignatius A. Signal transduction pathways 
involved in mechanotransduction in bone cells. Biochem Biophys Res Commun 
2006;349:1-5. 

17. Cingolani HE, Perez NG, Aiello EA, de Hurtado MC. Intracellular signaling 
following myocardial stretch: an autocrine/paracrine loop. Regul Pept 
2005;128:211-220. 

18. Chiquet M. Regulation of extracellular matrix gene expression by mechanical 
stress. Matrix Biol 1999;18:417-426. 

19. Gopalan SM, Wilczynska KM, Konik BS, Bryan L, Kordula T. Astrocyte-specific 
expression of the alpha1-antichymotrypsin and glial fibrillary acidic protein genes 
requires activator protein-1. J Biol Chem 2006;281:1956-1963. 

20. Bachetti T, Di Zanni E, Lantieri F, et al. A novel polymorphic AP-1 binding 
element of the GFAP promoter is associated with different allelic transcriptional 
activities. Ann Hum Genet 2010;74:506-515. 

21. Brem RB, Robbins SG, Wilson DJ, et al. Immunolocalization of integrins in the 
human retina. Invest Ophthalmol Vis Sci 1994;35:3466-3474. 

22. Schmidt C, Pommerenke H, Durr F, Nebe B, Rychly J. Mechanical stressing of 
integrin receptors induces enhanced tyrosine phosphorylation of cytoskeletally 
anchored proteins. J Biol Chem 1998;273:5081-5085. 

23. Johnson MW. Posterior vitreous detachment: evolution and complications of its 
early stages. Am J Ophthalmol 2010;149:371-382 e371. 

24. Bringmann A, Francke M, Pannicke T, et al. Role of glial K(+) channels in 
ontogeny and gliosis: a hypothesis based upon studies on Muller cells. Glia 
2000;29:35-44. 

25. Kodal H, Weick M, Moll V, Biedermann B, Reichenbach A, Bringmann A. 
Involvement of calcium-activated potassium channels in the regulation of DNA 
synthesis in cultured Muller glial cells. Invest Ophthalmol Vis Sci 2000;41:4262-4267. 

26. Haouchine B, Massin P, Gaudric A. Foveal pseudocyst as the first step in macular 
hole formation: a prospective study by optical coherence tomography. 
Ophthalmology 2001;108:15-22. 



General discussion 

 177

27. Schumann RG, Eibl KH, Zhao F, et al. Immunocytochemical and ultrastructural 
evidence of glial cells and hyalocytes in internal limiting membrane specimens of 
idiopathic macular holes. Invest Ophthalmol Vis Sci 2011;52:7822-7834. 

28. Cheng L, Freeman WR, Ozerdem U, Song MK, Azen SP. Prevalence, correlates, 
and natural history of epiretinal membranes surrounding idiopathic macular holes. 
Virectomy for Macular Hole Study Group. Ophthalmology 2000;107:853-859. 

 

 

  


